Introduction {#s02}
============

The term excitation--contraction (e-c) coupling is commonly understood to cover the entire series of functional events that occur during the activation of muscle, starting from an initial depolarization of the surface membrane initiated by neuromuscular transmission and ending with the action of Ca^2+^ in disinhibiting the contractile system. My intention in starting this review was to present the history of e-c coupling from its inception. As the initial task expanded into more recent works, I found that I needed to restrict my enthusiasm, so the early history is covered more thoroughly than the recent literature. I made no attempt to establish priorities and to be comprehensive. I ask forgiveness to those whose work slipped through the mesh. A recent review covers in detail much that is only briefly sketched here ([@bib148]).

Although e-c coupling covers events in cardiac and smooth muscle, these two areas could not be included in the review for the sake of brevity. This is unfortunate because exchange of data and concepts between the cardiac, smooth, and skeletal fields has been very rewarding for all three areas. Comparative concepts are covered in the two reviews to be published in parallel with this one.

I am obviously strongly biased toward the role that structural considerations have played in elucidating the e-c coupling mechanisms, and this is strongly reflected in the text. I hope that my molecular and cellular physiologist friends will accept the final result.

Prehistory {#s03}
==========

Most high school students are aware of Luigi Galvani's experiments ([@bib89], [@bib90]) demonstrating the presence of "animal electricity" as indicated by muscular contraction under the effect of either a lightning strike or the connection to two different metals via a nerve. Volta tried to assign the whole effect to outside-generated electricity, but Galvani persisted in showing that intrinsic electrical phenomena could be demonstrated. With the first methods for direct measuring of electrical events (in the brain in this case) came the discovery of uniform-size electrical signals, the action potentials in modern terminology, by E.D. Adrian (Nobel Prize in Physiology, 1932), in England. Electrical phenomena and their relationship to mechanical events were the first to be explored in the search for a clue to muscle activation, but they could not solve the mystery. The relationship between form and function needed to be revealed for a complete understanding. This is the story of how the contribution of three skeletal muscle fiber components---the transverse (T) tubules, the SR, and mitochondria---were defined.

Birth of the e-c coupling concept {#s04}
=================================

The end of the 1940s and the early 1950s were periods of swift advance in all fields of biology, with the birth of cell biology. Experimental results by an extraordinary group of scientists who have been my idols were responsible for the swift advance in understanding of muscle contraction and activation in this period. "Excitation--contraction (e-c) coupling" came officially into being in 1952 with an initial identification of the steps in muscle activation and the naming of the process by Yale University physiologist Alexander Sandow. In an excellent review of the facts known at that time, which were very few, [@bib201] pointed out that some inward spread of events was required in order to bridge the gap between "excitation" at the surface of the fiber and contraction, initiated by the delivery of some "activator" to the internal myofibrils. This point had been explored more specifically by A.V. [@bib98], who revealed that the "active state," indicated by resistance to stretch of the contracting myofibrils, developed very rapidly across the fiber cross section after the action potential at the fiber surface.

The initiating event in e-c coupling {#s05}
====================================

In frog twitch fibers, e-c coupling is initiated by an action potential, and one question was whether longitudinal currents within the muscle fiber generated by the membrane ionic currents could be the triggering stimulus. Steve [@bib131], using various forms of stimulation, and more fully and precisely Alan Hodgkin and Paul Horowicz ([@bib101]) using "potassium contractures," indicated that a change in membrane potential is the necessary first step in e-c coupling. In fact, nature had already provided an experimental confirmation in the "tonic" muscle fibers, first discovered in frog muscle and later in some fish and avian muscles. These do not transmit an action potential, but rely on electrotonic spread from multiple nerve endings sites and respond with graded levels of tension to graded levels of depolarization. By a very rapid change of external potassium concentration, [@bib101] effectively clamped the membrane potential over the entire single muscle fiber to various levels that could be calculated on the basis of the external potassium concentration. These critical experiments established a threshold membrane potential for e-c coupling (−58 mV for frog twitch fibers) and showed a very steep relationship between potential and tension.

The structural and functional basis of e-c coupling {#s06}
===================================================

The calculation by [@bib99] that diffusion of an activator X from the periphery to the center would be too slow to account for the rapidity of activation that caught the attention of Andrew F. Huxley. Interestingly, Hill used Ca^2+^ as an example of a possible diffusing activator, a preview of things to come. Huxley missed obtaining a PhD because, like many other English scientists, he was recruited to work on radar development during World War II. So his followers used to call him Prof, or Sir Andrew later. He had been primed by his association with A.V. Hill's son, David Hill, to think about muscle structure, and had a keen interest in the description of skeletal muscle cross-striation available in the literature in the second half of the 1800s. His experiments on e-c coupling were based on the clear visualization of the muscle striation in single dissected muscle fibers by using either polarizing or interference light microscopy. One of the very first interference microscopes was designed and built by A.F. Huxley ([@bib111]). The legend is that the microscope was kept together by rubber bands borrowed, when needed, from the secretary's office.

The 1967 Croonian Lecture by A.F. [@bib109] presented at the Royal Society London (an obligatory reading for muscle students) tells the story of the classical series of "local stimulation" experiments using muscle fibers from frog, lizard, and crab muscles. The experiments consisted of applying the small, polished tip of a pipette to the edge of the fiber, establishing a fairly high resistance contact, and then passing current to depolarize a small patch of membrane. In a frog fiber, this resulted in a local contraction that spread transversely inward only when the pipette was applied at the level of the Z line ([Fig. 1, A--D](#fig1){ref-type="fig"}). Other positions gave negative results. The initial interpretation was to assume that the Z line of the sarcomere was the element responsible for transverse conduction of some stimulus.

![**Local stimulation experiments. (A--D)** Images at the edge of a single frog muscle fiber. A small fire-polished pipette establishes a fairly high resistance contact (A and C), and current is passed through the pipette (B and D). Positive spots, responding with a local contraction, are located at the center of the I band, where T tubules invaginate (B), but not opposite the A band (D). Reprinted from [@bib112]. **(E and F)** Images of a skinned fiber's edge under oil. Application of calcium through a very small pipette activates contraction both at the I band (E) and the A band (F) level. Reprinted from [@bib47].](JGP_201711889_Fig1){#fig1}

However, the electron microscopist J. David [@bib195] was present when these results were reported in 1954 and, taking a slide from his pocket, showed that some membrane-based structures between the myofibrils had a transverse orientation. The problem is that because the images were from a lizard muscle, these structures were located at the edges of the A band, not at the Z lines. The puzzle was soon solved by images of various muscle fibers by Keith Porter and George Palade ([@bib183]) showing an extensive membrane limited structural network between the myofibrils, named sarcoplasmic reticulum, and a special group of three membrane profiles (the triad) located either at the Z line or at the A-I junctions depending on the muscle ([Fig. 2, A and B](#fig2){ref-type="fig"}). Subsequent local stimulation experiments showed that a positive effect occurred at the A-I junction in lizard muscle. Thus the triad, or some element within it, could be considered responsible for transverse transmission of the local depolarization effect. In contrast, direct application of Ca^2+^ to the myofibrils indicated that Ca^2+^ acts directly at many levels ([Fig. 1, A and F](#fig1){ref-type="fig"}; [@bib47]). Evidence that the ion acts as an intracellular transmitter through direct application of Ca^2+^ to the myofibrils is detailed in the section on Calcium ions, the SR, and relaxation.

![**T tubules have different positions in frog and lizard muscles. (A and B)** Thin sections of muscle fibers from frog (A) and lizard (B), covering the length of one sarcomere. These are the same type of muscle fibers that were used by A.F. Huxley and collaborators in the local stimulation experiments. The T tubules (arrows) run transversely at the level of the Z line in frog and at the edges of the A band in lizard, corresponding to the location of the "hot spots" through which activation can be initiated.](JGP_201711889_Fig2){#fig2}

The T tubules and their nature {#s07}
==============================

The nature of the element transmitting the electrical signal from surface to interior was soon established by Ebba Andersson-Cedergren, one of a group of worker bees dedicated to thin sectioning of tissues who occupied a large room in the laboratory of Fyodorf. S. Sjöstrand at the Karolinsa Institutet in Stockholm, Sweden. Andersson-Cedergren heroically serial-sectioned mouse muscle fibers ([@bib7]; [@bib157]) and found that although the central element of the triad is continuous across the fiber, the SR cisternae that flank it on two sides are interrupted to various degrees. Hence, the name of T tubules that she applied to the central component of the triad, and the immediate suggestion that T tubules are the elements responsible for transmitting the electrical event to the fiber interior. A modern image of the structures in question is shown in [Fig. 3](#fig3){ref-type="fig"}. Indeed, the transverse continuity of the T tubules had already been illustrated, although not yet fully recognized, in the wonderful drawings of "Golgi-stained" muscle examined in the light microscope by Emilio Veratti in 1902, translated and republished in 1961 ([@bib233]).

![**T tubules are continuous, but jSR is not. (A)** A slow fiber from fish tail imaged by SEM after extraction of myofibrils. The transverse tubules (T) appear as continuous thin tubes running obliquely from lower left to upper right corners (arrows). Segmented SR cisternae face T tubules forming triads (SR/T/SR). Between triads, the SR forms extensive fenestrated collars (asterisks). Notice the abundance of SR membranes relative to those of T tubules. **(B)** Frog fiber infiltrated by the Golgi "stain." The paired dark SR cisternae are the lateral sacs of the triad. The intervening T tubules between them are not visible because the electron dense contrasting agent did not infiltrate them. Note that the SR cisternae are divided into discontinuous segments. A and B are unpublished images from the collection of M. Lavorato (printed here with permission).](JGP_201711889_Fig3){#fig3}

T tubules continuity with the extracellular space {#s08}
=================================================

A missing element in early e-c coupling considerations was direct evidence for continuity of the T tubule--limiting membrane with the plasmalemma and for opening of the T tubule lumen to the extracellular spaces. Both elements were detected in muscles of arthropods ([@bib214],[@bib215]; [@bib64]) and in cardiac muscles ([@bib212]; [@bib160]; [@bib73]) where the T tubule openings are direct and wide-mouthed. In skeletal muscles and particularly in the classically used frog fibers, the demonstration was harder to obtain, mostly because of the tortuosity of peripheral T tubule segments. For muscles of vertebrates, initial evidence of T tubule openings came in 1964 from four sources: (1 and 2) independently obtained EM images of muscle fibers showing free diffusion of ferritin from the extracellular spaces into the T tubule lumen ([@bib110]; [@bib163]), (3) light microscope images of fibers exposed to a solution containing a fluorescent dye ([@bib63]), and (4) EM images of muscles from a small fish in which T tubule openings were very wide and direct ([@bib82]).

The presence of T tubules solves a mystery regarding the passive electrical properties of muscle fibers: their apparent specific capacitance calculated on the basis of a simple cylindrical surface is much higher than in nerve fibers. After a careful consideration of the properties of frog versus crab muscle fibers (two classical subjects introduced into the e-c coupling field by A.F. Huxley), Gertrude Falk and Paul Fatt concluded that their data provided "evidence for the existence of two capacitances in the path between the inside and outside of the fiber, one of which has a resistance in series with it, such that the capacitance measured at low frequencies will differ from that at higher frequencies" ([@bib65]). The path that includes a series resistance involves, of course, the T tubules. The higher capacitance of crab versus frog fibers is entirely consistent with the convoluted surfaces of the former, which include folds as well as tubular invaginations at the Z lines and A-I junctions. A final refinement was added by Angela Dulhunty, who carefully considered the contribution of caveolae to the surface area of frog fibers, measured the fibers' cross sections, and could then precisely calculate the plasmalemma's specific capacitance ([@bib53]).

An additional, direct demonstration of the critical role of T tubules in e-c coupling and their contribution to the fiber capacitance came early on with the "glycerol treatment," devised by [@bib88]. The treatment interrupts the electrical and structural continuity of T tubules at the fiber's surface ([@bib60]; [@bib61]) through osmotic effects, so that extracellular tracers do not diffuse into the tubules, the membrane capacitance is greatly reduced, and e-c coupling is interrupted. Glycerol treatment for skeletal and cardiac muscles remains an effective experimental tool after more than 50 yr from the original observations.

The golden era of T tubules and "charge movement" {#s09}
=================================================

The local stimulation experiments focused attention on T tubules. Two clever sets of experiments, both involving close structural scrutiny of events in single muscle fibers, further clarified the specific roles of T tubules in the radial spread of activation. Applying controlled depolarization steps and observing that the thresholds for contraction at the fiber edge and at the center differ by very little, Leroy Costantin ([@bib4]) determined that active spread of depolarization through sodium current ([@bib46]) must occur along T tubules. Transmission along T tubules, although faster than diffusion, still involved a finite if small delay, which was defined for frog fibers in clever experiments by Hugo [@bib92] performed while in Prof. Huxley's laboratory that provided specific information on the rapidity of the radial spread of activation.

The passive properties of T tubules could not be directly assessed, so they were the subject of intense modeling in part in the effort of deciding whether the apparent "input resistance" at the entrance to the T tubule network was a result of its geometry or some specific block to diffusion at the fiber periphery. The conclusions were not very clear, but certainly a finite delay for diffusion of ions along the T tubules can be measured ([@bib5]), and that in turn affects the kinetics of detected charge movement ([@bib211]). The theoretical calculations, based mostly on the geometry of the frog fibers, are not necessarily applicable to other species because internal and peripheral regions of T tubule networks display a considerable variety of shapes and dispositions in different skeletal muscle fibers. Relatively frequent longitudinal extensions of the transverse network ([@bib233]; [@bib174]) and a complex helicoidal arrangement ([@bib172]) have been described. The openings are also quite variable, from a direct, straight opening in some fish ([@bib82]) and in many arthropods, to a short peripheral convoluted path associated with openings of caveolae in many vertebrates ([@bib234]; [@bib84]; [@bib72]), to a complex, convoluted, and indirect path ([@bib78]; in confirmation of the early observations by [@bib233]; [@bib119]). Finally, it should be noted that the local stimulation experiments in frog ([@bib112]) clearly indicated that T tubule openings are not present at every intermyofibrillar space, a detail which is also clearly demonstrated by images by [@bib233].

A giant step forward, based on a daring set of experiments, initiated a new era. By a precise disposition of voltage sensing and current delivering electrodes that established an appropriate feedback control and by the total block of ionic currents, Martin Schneider and Knox Chandler achieved voltage clamping of a muscle fiber segment to a level comparable to that up to then obtained only in squid giant axons ([@bib204]). The records showed that an apparent shift in membrane capacitance requiring an extra amount of current flow occurred at membrane potentials critical for e-c coupling. On the basis of the equality of charge moved in the on and off voltage steps, it was deduced that the extra charge flowed within the membrane and that it was an indication of some rearrangement of a voltage-sensitive membrane component, most likely in the T tubules. With extraordinary insight, the authors proposed the now well-confirmed hypothesis that "charge movement" is the first step in e-c coupling and that a mechanical link with the SR is the mode of action. Independent evidence for the apparent change in membrane capacitance because of charge movement at potentials critical for e-c coupling was later obtained by Richard Adrian and Wolf Almers on the basis of the appropriate comparison of transient currents required to produce small and large steps of membrane potential ([@bib2]). Glycerol treatment confirmed that the charge movement was located in the T tubules ([@bib39]).

These new findings and their clear implications for e-c coupling unleashed a veritable cottage industry of "charge movement" work dependent on heroic voltage clamping experiments, such as the double vaseline gap, that became the teething rings for many developing muscle physiologists. Discussions centered on additional charge movements detected at different steps ([@bib2]), various shapes of the charge movement current traces and the question of which prominent hump (Qβ or Qγ) might be directly related to e-c coupling ([@bib105]; [@bib106]; [@bib3]; [@bib134]; [@bib107]), and how much the charge movement may be affected by SR Ca^2+^ levels: apparently very little ([@bib124],[@bib125]). The controversies that provided discussions at two successive Gordon conferences in the seventies and early eighties were recently revisited by Martin Schneider ([@bib186]) in a paper that explores the relationship between Qγ and the internal Ca^2+^ release. As usual, the precise experimentation and a deep knowledge of experimental details that characterize the work of Knox Chandler solved some of the questions.

Shorty after charge movement was established as the primary moving factor in e-c coupling, the complementary evidence for the total independence of skeletal muscle e-c coupling from extracellular Ca^2+^ entry was provided with the use of EGTA ([@bib9]).

Calcium ions, the SR, and relaxation {#s10}
====================================

In their classical electron microscopy-based description of striated muscles, [@bib183] recognized not only the triads but also a continuous network of membrane-limited elements continuous with the triads, which was named the free or longitudinal SR. In his usual understated way, Keith Porter concluded that "the sarcoplasm of muscle fiber contains an equivalent of the endoplasmic reticulum which bears some unique and interesting structural relations to the myofibrils. This leads to the reasonable deduction that in its function the system may be an important factor in the contractile phenomena," a very accurate prediction.

The sorting out of free SR function started with the work of two famous biochemists, Annemarie Weber (then in the USA) and Setsuro Ebashi (in Japan), both working with in vitro systems in which components of interest were obtained from a homogenate of rabbit psoas muscle. The two were convinced that calcium ions were the elements controlling the transition from rest to activity in muscle, as had been indicated by the effect of microinjecting small amounts of Ca^2+^ in muscle fibers ([@bib95]; [@bib161]). However, the final proof that Ca^2+^ was the unique key element and that its cytoplasmic concentration could be finely controlled was hard to obtain in the absence of agents (such as the modern EGTA) allowing removal of Ca^2+^ contaminations and discrimination between influences of calcium and magnesium. Weber conquered these difficulties, and her seminal 1959 paper ([@bib236]) provided the ultimate demonstration that Ca^2+^ controls the state of contraction/relaxation of myofibrils in the presence of MgATP. Ebashi, after a meeting with Weber, demonstrated that a particulate fraction of muscle homogenate constituted of small SR-derived vesicles acts as a relaxing factor by sequestering Ca^2+^ ([@bib57]), and Wilhelm [@bib94] demonstrated active Ca^2+^ pumping by SR vesicles. Evidence for the "calcium pump" trailed by a year or two behind that for the other main P-type pump, the K^+^, Na^+^-ATPase, responsible for maintaining the appropriate balance of K^+^ and Na^+^ in the cell. [@bib237] provided the ultimate evidence that the SR alone was sufficient to reduce the cytoplasmic Ca^2+^ concentration to levels sufficient for relaxation.

The final demonstration by [@bib56] and [@bib58] that myofibrils contain a set of actin filaments--associated proteins, including the calcium-binding protein troponin, that confer Ca^2+^ sensitivity to the contractile system closed this initial chapter of the calcium story, in the 1960--1967 period.

Clever experiments demonstrate the SR pumping action in vivo {#s11}
============================================================

After learning how to calculate free Ca^2+^ concentrations from Weber, Richard Podolsky at the National Institutes of Health set out to prove that the SR functions as a Ca^2+^ sink in vivo with the help of Leroy Costantin, a clever young investigator (summarized in [@bib181]; [@bib47]). In a series of experiments, Costantin used the skinned frog fiber preparation developed by Reiji [@bib159] in Japan in which the sarcolemmal components plasma membrane plus basal lamina and reticular lamina are mechanically pulled off, much like pulling up a sleeve, by gently rubbing a very sharply pointed fine wire over the fiber surface ([Fig. 4 A](#fig4){ref-type="fig"}). Usually the skinned fiber was immersed in paraffin oil, which protected it from drying. More recently, access of solutes to the fiber interior has been obtained by "chemical skinning," although the mechanical approach still offers the best results.

![**The SR as a calcium sink.** Images from a series of experiments by Leroy Costantin and Richard Podolsky, 1965. **(A)** Mechanically skinned fiber a la Natori. **(B)** Sequential images from a brief movie showing a short fiber segment exposed to a droplet of calcium under oil. The segment contracts and then relaxes because of calcium uptake by the SR. **(C)** Images from a movie illustrating the effect of a drop of calcium solution applied to the edges of a skinned fiber under oil. A strong but very delimited contraction is followed by relaxation. **(D)** Calcium oxalate deposit in the SR of a skinned muscle fiber exposed to calcium and oxalate. Reprinted from [@bib47].](JGP_201711889_Fig4){#fig4}

Once skinned, the fiber interior could be directly exposed to a solution containing Ca^2+^. The experiment shown in [Fig. 1 (E and F)](#fig1){ref-type="fig"} is a foil to the local stimulation experiments. The striation is imaged at the edge of the skinned fiber, and a Ca^2+^ solution is locally applied via a very narrow pipette by passing current through its tip. When the solution is applied at the level of the Z line, a symmetric contraction of the two adjacent I bands follows, in a manner similar to that elicited by the local stimulation experiments (compare [Fig. 1 \[A--D\]](#fig1){ref-type="fig"} with [Fig. 1 \[E and F\]](#fig1){ref-type="fig"}). When the pipette is applied close to one side of the A band, an asymmetric shortening occurs, showing that directly applied Ca^2+^ elicits contraction wherever thin and thick filaments overlap.

Two other experiments tested the Ca^2+^ accumulating ability of the SR in situ. In one experiment ([Fig. 4 B](#fig4){ref-type="fig"}) a short segment of skinned fiber was exposed to repeated applications of small droplets of known volume and Ca^2+^ content. Calculations showed that the segment was still capable of relaxation even after the Ca^2+^ applied was more than needed to saturate troponins in the actin filaments. In a second experiment ([Fig. 4 C](#fig4){ref-type="fig"}) a droplet was applied to the edge of a long skinned segment. The result was a contraction area, which subsequently relaxed, indicating that the SR acts as a very efficient Ca^2+^ sink keeping Ca^2+^ from freely diffusing. Interestingly, the boundaries of the contracted region were very sharply delimited, again because of the efficient uptake by the SR. Such sharp boundaries between contracted and stretched segments of muscle fibers tend to develop in pathological conditions where the SR uptake capacity is either saturated or weakened in limited areas of the fiber (e.g., [@bib23]). Finally, mimicking the initial observations by Hasselbach, calcium oxalate deposits, indicative of Ca^2+^ uptake by the SR, were demonstrated in the lumen of in situ SR of skinned segments exposed to oxalate in the presence of Ca^2+^ ([Fig. 4 D](#fig4){ref-type="fig"}).

A combination of Weber's and Ebashi's in vitro work and the in situ experiments demonstrate that in the intact fiber, the SR contains a store of calcium from which Ca^2+^ is released for activation.

Diversity of SR domains, the CaATPase {#s12}
=====================================

The SR is composed of two contiguous and continuous domains: the junctional SR (jSR), associated with plasmalemma/T tubules, and the free (often imprecisely called longitudinal) SR.

Taking advantage of density variations of the isolated organelles, the crude membrane fraction from muscle homogenate could be separated by differential centrifugation into three components. Cecilia Hidalgo took advantage of the lower density of T tubule vesicles, particularly after the SR was loaded with Ca^2+^, to isolate T tubule fractions from a variety of muscles in order to determine their components ([@bib197]; [@bib97]). The "light" and "heavy" SR fractions contained membranes derived from the free SR and from the jSR with some mitochondrial contaminations, respectively ([@bib147]; [@bib167]). Sidney Fleischer obtained a most successful triad fraction ([@bib152]) that was preserved in a freezer and used for decades by many laboratories. The light free SR fraction is the most abundant because free SR constitutes the majority of the SR membranes ([Fig. 3 A](#fig3){ref-type="fig"}). [@bib140] and [@bib202] used the light SR fraction for the first purification of the SR Ca^2+^ pump, or Ca^2+^ ATPase (also called SERCA, for sarcoendoplasmic reticulum Ca^2+^ ATPase), and demonstrated that it constitutes more than 90% of the free SR protein ([Fig. 5 B](#fig5){ref-type="fig"}), thus establishing the SR as an excellent source of pump protein. Indeed, in freeze-fracture images of skeletal muscle, the entire SR membrane, except for the junctional face membrane facing the T tubules, is occupied by a dense, uniformly distributed carpet of particles representing the Ca^2+^ ATPase ([Fig. 5 A](#fig5){ref-type="fig"}). Extensions of the protein over the SR surface were first detected by tannic acid mordating ([@bib216]; [@bib42]). The two heroes of the ATPase story are Giuseppe Inesi and Cikoshi Toyoshima. Inesi established the foundation of the pump action: the intermediate "occluded state" step ([@bib115]), identification of specific inhibitors ([@bib113]; [@bib114]), establishment of the Ca/ATP stoichiometry ([@bib238]), and identification of H^+^ as the counter ion ([@bib222]). After the observation by Anthony Martonosi ([@bib55]) that vanadate blocks the pumping cycle and results in tubular structures with a two-dimensional helical crystal of the ATPase on their surface ([Fig. 5, C and D](#fig5){ref-type="fig"}), an initial 3D structural reconstruction of the molecule ([@bib227]) was obtained. Paradigms developed for the 3D reconstructions of helical structures were further applied by Cikoshi [@bib232] to cryo-EM images of the vanadate-treated SR, revealing the three-pronged extensions of the ATPase into the cytoplasm that are involved in the pump mechanism: the nucleotide binding, N; the phosphorylation, P; and the actuator, A, domains. After obtaining the first amino acid sequence of the ATPase ([@bib142]), David MacLennan established that the high-affinity binding sites for two Ca^2+^ ions to be transported are located deep within the transmembrane region of the molecule ([@bib44]). Through a spectacular series of high-resolution x-ray diffraction images from nine states covering the entire reaction cycle and mostly in collaboration with Inesi, Toyoshima reconstructed the entire reaction cycle ([@bib230]). The detailed mechanism by which the phosphorylation site commands the opening and closing of pathways and all the conformational states that accompany the pumping are now directly visualized in stunning detail ([@bib231]).

![**Calcium ATPase is a major component of longitudinal SR.** All images are from rotary shadowed replicas. **(A)** Freeze fracture of a fish muscle showing the split SR membrane for an entire sarcomere, from one T tubule to the next (arrows). The cytoplasmic leaflet reveals a uniform distribution of tightly arranged particles, covering the whole free SR and the sides of the triadic SR. Each particle represents a small group of 2--3 ATPase molecules. **(B)** Cytoplasmic surfaces of freeze-dried SR vesicles from a crude SR fraction of rabbit muscle homogenate. Each dot indicates the position of an individual SR ATPase, at a density of ∼30,000/µm^2^. **(C)** Treatment with vanadate ([@bib227]) induces the formation of two-dimensional "crystals" that impose a tubular shape to the SR vesicles. **(D)** At higher magnification, the dimeric arrangement of molecules is clear. Such vanadate-treated SR tubes provided the first high-resolution images of the CaATPase.](JGP_201711889_Fig5){#fig5}

Structural cues to events at T-SR junctions {#s13}
===========================================

Going back to e-c coupling, a collaboration between A.F. Huxley and Lee Peachey ([@bib109]) provided a clue to the step immediately after transmission along T tubules ([Fig. 6](#fig6){ref-type="fig"}). Fibers from crab leg muscles were selected for a third set of local stimulation experiment, because the longer sarcomere lengths offered better discrimination of the active sites. It turned out that they provided an additional interesting puzzle. Positive response spots were identified near the borders of the A band where T tubules were located, but Peachey, quoted in A.F. [@bib109], showed that other invaginations, present at the Z line level ([Fig. 6 B](#fig6){ref-type="fig"}), gave a negative response. Later images using the Golgi stain ([Fig. 6, B--D](#fig6){ref-type="fig"}) revealed that the invaginations at the edges of the A band formed close junctions with the SR equivalent to the triads, but those at the Z line did not. The conclusion is that activation required not only the spread of the depolarization along T tubules, but also some functional connection to the SR, via specialized T-SR junctions, in order to activate Ca^2+^ release from the SR.

![**Couplons in e-c coupling. (A)** Diagram of local stimulation experiments in crab fibers (reprinted from [@bib171]). Depolarization at the level of the Z line did not produce a response, but hot spots were found at the A-I junction level within deep clefts. **(B)** Phase contrast image of a crab fiber infiltrated with the "Golgi" stain. The orange structures are deep clefts. Two types of invagination arise from the clefts: ribbon like tubules at the Z line levels (double arrow) and tubules with a more complex shape at the edges of the A band (single arrows). **(C and D)** Electron micrographs of Golgi-stained crab fibers. In C, only tubules at the Z line (double arrow) and T tubules the A-I junction (single arrows) are "stained." The latter have a convoluted shape. In D the SR is visible as an extensive lacy network and the T tubules are darker. Flat cisternae of T tubules (arrows) are located opposite equivalent cisternae of the SR (arrowhead) to form dyads. Activation of calcium release occurs at these sites. See [@bib85].](JGP_201711889_Fig6){#fig6}

Before proceeding, it is useful to introduce a terminology that was suggested by Eduardo Ríos ([@bib220]). The term was proposed to indicate the structural and functional unit of SR/T tubule and SR/plasmalemma interactions. The classical triad is composed of two couplons, one on either side of the T tubule, that presumably act independently of each other. Many muscle fibers, particularly in the invertebrates, display dyads composed of a single SR element and a T tubule segment, hence a single couplon. In yet other fibers, the SR forms junctions, called peripheral couplings, between SR and the plasmalemma without intervention of a T tubule. Peripheral couplings are composed of a single couplon. All these e-c coupling units share common components, and thus it can be assumed that they share functional modes.

By the late sixties it was quite clear that the triads (and equivalent structures) warranted close observation. Initial structural information provided a false trail, but also encouraged useful discussion. Before the introduction of glutaraldehyde, primary fixation in osmium resulted in the false appearance that the jSR surface contacted the T tubules at small repetitive sites. By analogy with the known structure of gap junctions, it was proposed that a direct current path might exist between T tubules and SR, allowing the latter to be depolarized by the former during e-c coupling. An echo of similar ideas is found in several publications of the times. However, [@bib171] (see also [@bib153]) had roughly estimated that the overall SR surface area is ∼10-fold larger than that of T tubules. This suggested a major "impedance mismatch" between T tubules and SR of the type that guided Bernard Katz into the concept of chemical synapses. The structural evidence quite clearly indicates that the triad cannot operate as an electrical synapse because the limited T tubule surface cannot draw enough current to effectively depolarize the entire SR. Essentially the same conclusion was derived by [@bib145]. Further, Gerhard Meissner's demonstration that the SR membrane is highly permeable to potassium ([@bib149]) and Avril and Andrew Somlyo's evidence that potassium concentration in the SR lumen is equal to that in the cytoplasm ([@bib219]) clearly indicated that the resting SR has no membrane potential and thus that SR depolarization does not come into play in e-c coupling.

Rather than being directly coupled by a membrane to membrane interaction, T tubule and SR membranes are connected via junctional feet, a set of large, regularly disposed macromolecules ([Fig. 7, A and B](#fig7){ref-type="fig"}; [@bib75]). Feet were identified as components of the jSR in heavy SR microsomal fraction by Kevin Campbell in 1974 ([Fig. 7 C](#fig7){ref-type="fig"}; [@bib32]). Several alternative descriptions and names---junctional processes, pillars and/or direct lipid connections---were subsequently applied to the same structures. Feet are present in all muscles of vertebrates including cardiac ([@bib73]) and smooth ([@bib217]) muscles and have by now been detected in all muscles through the animal kingdom, where they are constituted of the same molecular species, although in different isoforms. The importance of feet became obvious once feet were identified as the SR Ca^2+^ release channels. The molecule acquired the name of ryanodine receptor, based on its high affinity for the plant alkaloid ryanodine, an essential tool for the channel isolation. Identification of feet as RYR was directly supported by comparison of the structure of feet in situ and of the isolated RYR macromolecule ([Fig. 7, D--I](#fig7){ref-type="fig"}). This part of the e-c coupling story is covered in detail in a recent review ([@bib148]).

![**Images of "feet" or RYR1 from skeletal muscle. (A)** RYR were first visualized in thin sections of triads in skeletal muscle, where their cytoplasmic domains appeared as evenly spaced rows of feet spanning the junctional gap from SR to T tubules ([@bib75]). The content of the triad cisternae is calsequestrin. This image is from a fish muscle. **(B)** In a grazing view of the junction, feet are seen as small squares engaged in a two-dimensional array. From a tadpole. **(C)** The heavy SR fraction is composed of vesicles derived from triads (or couplons). They have a dense content (calsequestrin) and show a thin dark ring (extension of the CaATPase) and feet (arrows). This demonstrated that feet are part of the SR membrane ([@bib32]). **(D)** Rotary shadowed images of feet on a heavy SR vesicle show ordered arrangement and a 4-subunit structure. Reprinted from [@bib70]. **(E--I)** Images of feet in situ (E and F) and after isolation of the RYR molecule (G--I). The in situ molecules show a central depression on the side facing the cytoplasm. The isolated proteins face the opposite way and show a central raised platform representing the channel domain. Compare [@bib70] and [@bib21].](JGP_201711889_Fig7){#fig7}

In couplons of skeletal muscle triads, where they were first described, the feet form two parallel rows ([Fig. 7 B](#fig7){ref-type="fig"}). However, in couplons that do not have a shape restricted by adjacent myofibrils, feet may occupy several rows within elongated plaques ([@bib77]; [@bib169]). An interesting example of convergent evolution is found in the fast adductor of the scallop (a bivalve mollusk) and in the tail of amphioxus (a low chordate). In both species, muscles are composed of cells with such a narrow diameter that T tubules are not needed. However, the SR forms numerous peripheral couplings with an appropriate complement of feet that occupy oval-shaped membrane regions ([@bib52]).

On the T tubule or plasmalemma side of couplons, the technique of freeze-fracture demonstrated a distribution of intramembrane particles grouped within the membrane facing the junctional feet and organized in arrays ([Fig. 8, A--D](#fig8){ref-type="fig"}). The particles form groups of four, or tetrads, and detailed analysis indicated that the tetrad positioning corresponded to that of alternate feet and that the four particles of tetrads fit on the four subunits of alternate feet ([@bib77]; [@bib21]). The importance of the feet/tetrad relationship was revealed by the identification of the tetrad particles as the T tubule calcium channels (CaV1.1) that are responsible for charge movement and act as voltage sensors in e-c coupling ([@bib223]). In skeletal muscle jargon, the channels are often referred to as dihydropyridine receptors (DHPRs) because of their pharmacological properties.

![**The disposition of DHPR tetrads in T tubules is linked to that of feet**. **(A--D)** The first images of DHPR tetrads were seen in T tubules of a small fish (A; [@bib81]) and in the plasmalemma of frog slow fibers (B--D; [@bib77]), where it was determined that the distance between tetrads is twice the distance between feet. **(E--I)** DHPR tetrads in T tubules of 4-d-old zebrafish larvae. E is from a wild type fish, F after the expression of DHPR cDNA. (G and H) From larvae of a zebrafish null for Stac3, but carrying small amounts of maternal DNA. (I) After silencing all DHPR RNA with a morpholino. See [@bib138].](JGP_201711889_Fig8){#fig8}

Comparative morphology and physiology of fiber types {#s14}
====================================================

Muscle fibers display an extreme variety of performance modes and are conveniently classified into "fiber types" based on their mode of activation, mechanical performance, and fatigability. In vertebrates, the two extremes are "slow tonic" fibers that develop a very slow graded contraction in the absence of an action potential as first shown by Steve Kuffler ([@bib132]), and "twitch" fibers that respond to an action potential with all-or-none contraction--relaxation cycles of different periodicities. The two types of fibers differ greatly in the size of myofibrils ([@bib173]). A sufficiently broad survey of vertebrate muscles shows that all sorts of functionally and structurally intermediate "types" also exist.

The initial rate of tension development is quite strongly determined by the myosin isoform as directly demonstrated by Leroy [@bib48] in frog tonic fibers and indirectly indicated by the gradual changes in twitch properties of cat's hind leg muscles and the related switches in myosin isoforms during postnatal differentiation ([@bib30]). The rate of relaxation is strongly dependent on the segregation of Ca^2+^ from the cytoplasm by passive elements, such as parvalbumin (a cytoplasmic calcium binding protein), where present ([@bib96]), on the active reuptake by the SR and in a very minor way on mitochondria uptake.

The structure and distribution of membrane systems are well coordinated with the general fiber properties, creating a harmonious whole. Because the SR is a continuous compartment, the free \[Ca^2+^\] at equilibrium is uniform throughout the SR lumen. However, the total Ca^2+^ is higher at sites where the Ca^2+^ binding protein calsequestrin (CASQ) is present. In most muscles, this is the jSR ([@bib219]). Sound-producing muscles capable of contraction/relaxation cycles at frequencies of ∼95--200 Hz, e.g., the bat cricothyroid ([@bib188]), the swimbladders of toadfish ([@bib66]) and midshipman ([@bib28]), and the rattle of snakes ([@bib203]), have attracted considerable attention. The common characteristics of these muscles are small dimensions of the myofibrils, high frequency of T tubules and triads, an extremely abundant free SR, and the presence of parvalbumin. These parameters enhance the distributed delivery of Ca^2+^ during activation and its relatively rapid reduction during relaxation. Two additional factors contribute to the astounding properties of the sound-producing muscles: (1) the activity cycles involve only reduced Ca^2+^ ion movements because the muscles are not required to develop full tension, and (2) special properties of the troponin system allow rapid return of Ca^2+^ to the free pool ([@bib196]). The muscles of the midshipman swimbladder show an additional unique feature: the sarcomeres are separated from each other by wide Z lines that extend for a length almost equal to that of the A band ([@bib137]). This effectively reduces by almost one half the overall density of thin filaments and associated troponin and thus the amount of Ca^2+^ needed for activation. Interestingly, the overall content of Ca^2+^ release channels (feet/RYRs) is only slightly higher in the toadfish sound-producing muscles than in the fast twitch fibers of rat muscles, despite large differences in frequency of contractions. However, the surface area of Ca^2+^ pump bearing SR is ∼10-fold higher in the toadfish muscle (compare [@bib69] and [@bib86] with [@bib8]). This indicates that the ultimate return of Ca^2+^ to the SR lumen is a limiting factor in the superfast contraction/relaxation cycles, even with the help of parvalbumin. Other twitch muscles with fast activity, such as those of the small lizards, also show abundant SR and T systems ([@bib72]).

At the other functional extreme are the "slow tonic" muscle fibers with slow development of tension and prolonged contractions. The common characteristics are large myofibrils, which reduce T tubule content and increase the distance between release sites; a paucity of SR/T tubule contacts, often in the form of dyads with resultant reduction of RYR content; and relatively reduced SR surface area ([@bib164], [@bib166]; [@bib76]). Tortoise muscles are mostly of the "twitch" type, but they move quite slowly, and so their sarcotubular system is appropriately reduced ([@bib165]).

The majority of skeletal muscles are composed of twitch fibers that cover a relatively small range of properties between "fast twitch" and "slow twitch" fibers in a single species, but also accommodate species differences (compare elephant and mouse!). Even small functional differences require precise structural coordination of the contractile system with T tubules, SR, and triads and in turn the content of CASQ (the low-affinity calcium binding protein in the SR lumen) in couplings and of sarcoendoplasmic reticulum Ca^2+^ ATPase in the SR membrane determine the storage levels of Ca^2+^ ([@bib156]). In fast twitch fibers of guinea pig leg muscles, for example, 80--90% of the T tubule length is involved in triad association with the SR, whereas in slow twitch fibers, the SR covers only ∼45% of the T tubule length ([@bib86]), a finding essentially confirmed recently by high-resolution light microscopy images ([@bib121]). This is functionally significant because charge movement also scales with fiber types ([@bib54]). Probes of individual fiber compositions, as implemented using morphometry ([@bib59]; [@bib86]) and individual histochemical profiles (reviewed by [@bib179]; [@bib178]), give support to the concept that individual fibers even within a well-defined "type" are not identical in composition. This is consistent with the fact that motor units perform a graded set of functions ([@bib31]). Ca^2+^ homeostasis is maintained by the opposite play of leak and uptake, and the two are balanced in a manner that is unique to fiber types and dependent on the muscle of origin ([@bib135]).

Muscles from invertebrates also display a variety of functionally related structural variations that are well documented and often more obvious and spectacular than examples from vertebrates. For brevity, just two examples from the extremely rapid flight muscles of insects are presented here. Asynchronous or "fibrillar" flight muscles such as in the blow fly and fruit fly operate on the principles first established by [@bib185]. Nerve impulses arrive at relatively long intervals, initiating rapid Ca^2+^ transients that decay very slowly. Between nerve impulses, cytoplasmic Ca^2+^ remains sufficiently high to allow rapid wing beat induced by the effect of two antagonistic sets of muscle, aided by an appropriate thorax anatomy and the intrinsic property of stretch activation. Thus Ca^2+^ release from the SR is rapid, but uptake is slow. Synchronous flight muscles, as in dragonflies, also control rapid wing beating, but nerve activation is synchronous with the beat, which depends on rapid Ca^2+^ release and reuptake at each wing beat. Not surprisingly, the pioneering work of David [@bib215] and Doreen [@bib10] showed that asynchronous flight muscles have frequent T-SR junctions, dyads, and triads but very scarce free SR. On the contrary, the synchronous flight muscles, as exemplified by the dragonfly muscles, have a high density of both triads and free SR ([@bib214]).

The use of Ca^2+^ indicators to measure Ca^2+^ transients {#s15}
=========================================================

On the footsteps of charge movement detection, a concerted effort at obtaining direct detection and quantitation of the magnitude and time course of the Ca^2+^ release events was initiated. The myofibrils, themselves, are extremely sensitive Ca^2+^ indicators, but contraction is several steps removed from Ca^2+^ release, and thus contraction is an indirect measure of release. Intrinsic optical changes associated with release were sought, and a decrease in fiber birefringence that precedes contraction was detected in single twitch fibers ([@bib16]). This signal, however, was difficult to interpret in mechanistic terms. Chris Ashley and E.B. Ridgway in barnacle fibers ([@bib189]; [@bib11]) and John Blinks and colleagues in frog fibers ([@bib122]; [@bib20]) were the first to introduce a Ca^2+^ indicator into the myoplasm to detect the "Ca^2+^ transient," the brief increase in myoplasmic Ca^2+^ concentration generated during e-c coupling. They microinjected muscle fibers with aequorin, the protein isolated from a hydrozoan by [@bib208] that emits light in the presence of Ca^2+^. The aequorin responses preceded tension and were not distorted by fiber movement. Quantitation of the amplitude and time course of the Ca^2+^ transient from the aequorin signals was difficult, however, because of kinetic delays and the dependence of light emission on the 2.5 power of \[Ca^2+^\] ([@bib19]). Subsequent, still ongoing, research has been fueled by the availability of a large variety of inorganic Ca^2+^ indicators that respond with a change in optical properties in the presence of Ca^2+^. Initially, these were the metallochromic indicators such as Arsenazo III ([@bib151]; [@bib17]) and antipyrylazo III ([@bib130]) and more recently, the many indicators based on the compound BAPTA developed by Roger Tsien ([@bib93]).

Obtaining quantitative information on the Ca^2+^ release flux turned out to be a challenge. Accurate measurement of the transient was complicated by uncertainty in the indicator properties, largely associated with indicator binding in the myoplasm (e.g., [@bib128]), by kinetic delays in the indicator responses ([@bib15]), and by local saturation of the indicator close to the release sites ([@bib100]). Furthermore, Ca^2+^ release flux analysis must take into account the fact that most of the released Ca^2+^ is bound to a variety of myoplasmic components (e.g., myofibrillar troponins, ATP, parvalbumin where present, and the SR Ca^2+^ pump) with variable affinity and/or diffusion distances from the source ([@bib17]; [@bib34]). The laboratories of Knox Chandler and Stephen Baylor carefully explored the requirement for the use of rapid, low-affinity indicators to detect the Ca^2+^ transient ([@bib100]; [@bib129]; [@bib103]) and used the data to obtain a fairly accurate understanding of the rapid Ca^2+^ release waveform during e-c coupling by taking into account the geometry and properties of release and binding sites ([@bib17]; [@bib146]; see also [@bib34]).

Interestingly, the calculated release flux in response to a voltage clamp depolarization indicates a rapid early phase of release followed by a decline to a sustained lower rate. Despite broad agreement on this time course for release, laboratories differed significantly on the functional interpretation. In one interpretation, the early peak was an inactivating CICR component superimposed on a noninactivating, voltage-dependent trigger ([@bib191]; [@bib118]; [@bib180]; [@bib209]). Alternatively, the release time course was thought consistent with a single, inactivating, voltage-dependent component ([@bib125]), the decline arising from a Ca^2+^-dependent inhibition of the release channels ([@bib17]; [@bib205]). This second hypothesis fits better the case of mammalian muscles, where type 3 RyRs, responsive to CICR, are rare in the adult. One final note: the "mass" of a detected spark is strikingly influenced by the surroundings in which the event happens: frog sparks are larger in cut than in intact fibers, probably as a function of Ca^2+^ buffering, etc. ([@bib102]).

At a more descriptive level, detection of Ca^2+^ transients by indicators have directly facilitated qualitative understanding of intracellular Ca^2+^ movements under various conditions such as the obvious difference between the slow phase of Ca^2+^ transient decay relative to the fast initial phase of rise during release ([@bib150]; [@bib37]) and the differences in Ca^2+^ transients of fast and slow fibers. Studies of the superfast muscles of rattlesnake and toadfish swimbladder brought into evidence the importance of parvalbumin in allowing the slow Ca^2+^ uptake by the SR pump to catch up with release in repetitive events in the design of superfast muscles ([@bib196]). Finally, absolute measure of resting free Ca^2+^ concentration in the cytoplasm could not be obtained by the use of indicators, but it required Ca^2+^-sensitive microelectrodes in a technique pioneered by Lopez and Allen. The advantage of the approach is that it is very sensitive to minor changes in Ca^2+^ homeostasis and thus it can identify changes in RYR leaks and disease-related alterations ([@bib139]; [@bib62]; [@bib6]).

Ca^2+^ sparks and the role of type 3 RYR {#s16}
========================================

A fruitful step made possible by the new generation of BAPTA-based Ca^2+^ indicators was the detection of Ca^2+^ "sparks" first seen in cardiac myocytes by Peace Cheng and Mark Cannell in Jon Lederer's laboratory ([@bib40]). Initially the term was limited to indicate spontaneously occurring small release events delimited in time and space. Later the term has also been used in conditions that encourage limited local release (such as addition of caffeine or very limited depolarization).

A direct bonus of sparks detection is a clarification of the roles of the three isoforms of RYR, particularly of RYR3's role. RYR1 is the essential Ca^2+^ release channel ([@bib225]; [@bib29]), but many skeletal muscles also contain variable levels of a second isoform, RYR3, from basically none to 50% relative to RYR1. RYR3 cannot sustain e-c coupling ([@bib117]), and ablation of this isoform does not affect contractile function ([@bib43]). RYR3 are significantly different from RYR1 in that they spontaneously generate sparks, as demonstrated by expressing the protein in normally RYR3-deficient mouse muscle ([@bib45]; [@bib136]) and in a RYR1-null cell line, also lacking RYR3, developed by Paul Allen ([@bib154]; [@bib235]). Eduardo Ríos was the first to propose an explanation for the finding that although frog fibers produce sparks comparable to those detected in cardiac muscle, sparks in mouse fibers are normally below detection threshold ([@bib209], [@bib210]). The possible cause for the difference was likely to be the spark amplification by the Ca^2+^-sensitive type 3 RYRs (see [Fig. 9](#fig9){ref-type="fig"}), which is present in frog fibers but virtually absent in adult mouse fibers. Ríos proved this directly by expressing RYR3 in mouse fibers ([@bib184]), and [@bib177] confirmed it by the reverse experiment in zebrafish ([Fig. 9](#fig9){ref-type="fig"}). So the two Ca^2+^-sensitive RYR isoforms, RYR2 in myocardium and RYR3 in some skeletal muscle, amplify spontaneous Ca^2+^ release by single couplons into a relatively large transient, whereas the tightly regulated RYR1 releases very poorly in the absence of an activating signal.

![**RYR3 in a parajunctional position are necessary for the production of sparks in zebrafish muscle. (A)** Triad in a 72 h postfertilization larva. Two sets of feet (RYR1) connect SR to the central T tubule profile. Additional feet profiles in a parajunctional position (arrowheads) have been proposed to be RYR3 ([@bib67]). **(B)** One-cell-stage embryos were injected with a morpholino designed to specifically silence RYR3 expression. In triads of larvae at 72 h postfertilization, RYR1 position was normal, but parajunctional feet were essentially missing. **(C)** The Ca^2+^ sparks frequency in WT and morpholino-injected (MO) embryos dropped in correspondence to the absence of parajunctional feet. Reprinted from [@bib177].](JGP_201711889_Fig9){#fig9}

Perusal of spontaneously generated sparks have revealed a variety of modes (embers, etc.) and the interesting observation that "eager triads" tend to more frequently discharge. The mechanism is not known.

The form and function of the junctional supramolecular complex {#s17}
==============================================================

Couplons are constituted of SR and plasmalemma/T tubule membranes that are associated with each other via large macromolecular complexes within sites of functional and structural junctions. The junctional complexes were initially revealed by treatment of T tubules/SR membranes with mild detergents. Whereas CaATPase and other membrane components of the free SR and T tubules were solubilized, a complex of triad proteins linked to each other remained behind in the junctional face membrane ([@bib49]; [@bib155]). The first three proteins of the complex to be purified were calsequestrin contained in the jSR lumen; the feet, or SR Ca^2+^ release channels, or RYRs ([@bib83]); and the L-type Ca^2+^ channels (CaV1.1), also called DHPRs, of the T tubules.

CASQ, a low-affinity but high-capacity Ca^2+^ buffer linked to RYR and to other junctional complex proteins, was first isolated by David MacLennan ([@bib141]), identified as the visible content of triadic SR ([Fig. 7 C](#fig7){ref-type="fig"}; [@bib147]), and later confirmed by immunogold labeling ([@bib33]; [@bib126]). The low-molecular-weight CASQ protein constitutes complex oligomers ([@bib170]) that form a branched network in the SR lumen ([Fig. 10, A and B](#fig10){ref-type="fig"}; [@bib200]; [@bib176]). Skeletal and cardiac CASQ form very similar-looking networks if expressed at similar levels, and they are modified at the junctional face membrane by interaction with junctin and triadin ([@bib228]; [@bib80]), minor junctional proteins. CASQ1 is the only isoform present in fast twitch fibers. Null mutation of CASQ1 results in a variety of structural and functional alterations of fast twitch fibers, but no immediate death of the mice. The jSR volume is reduced, as may be expected if the volume of triad cisternae depends on the presence of gelled CASQ polymer in their lumen ([@bib169]), but presence and periodic arrangement of feet is preserved. Triads shift to a longitudinal orientation, a common structural reaction of fast twitch fibers to a variety of challenges, e.g., lack of triadin and denervation, that may represent a return to a pattern specific of early differentiation. The effects are rescued by transfection with CASQ cDNA ([@bib229]). Interestingly, lack of CASQ1 results in heat-induced sex-related death not unlike that seen in malignant hyperthermia ([@bib51]). Effect of the null mutation on Ca^2+^ release indirectly shows that CASQ normally affects RYR1 function ([@bib199]; [@bib162]; [@bib187]; [@bib221]).

![**Triadin and calsequestrin. (A and B)** Images of calsequestrin within the SR of a snake muscle, after freeze-fracture, deep etch, and rotary shadowing. The CASQ network is composed of a branching network of elongated elements that form a continuous CASQ polymer ([@bib176]). **(C and D)** Triads in a mouse (C) and frog (D) muscle. The image in C is from a thicker section. Periodic densities (arrowheads) are located in alternate position relative to feet. The densities are not present in triadin-null muscle fibers, demonstrating that they are composed of triadin polymers (C; reprinted from [@bib24]). In a thinner section (D), the triadin densities are less clearly visible, but the network nature of the CASQ gel that fills the SR is more obvious. Compare with A and B.](JGP_201711889_Fig10){#fig10}

Purification and characterization of RYRs in 1987--1988 ([@bib116]; [@bib133]; [@bib21]) and identification of DHPRs as the voltage sensors of e-c coupling ([@bib190]; [@bib127]; [@bib1]) significantly altered approaches to e-c coupling research. Availability of sequencing, mutations, and expression in cultured cells, particularly the cell lines with important null mutations that were produced and generously shared by Paul D. Allen, directed research into questions of intermolecular interactions. RYRs are appropriately targeted to and arranged within couplons in the absence of DHPRs in dysgenic muscle ([@bib87]). DHPRs are also appropriately targeted to couplons in RYR-null dyspedic fibers, but they require the presence of the latter in order to be arranged into tetrads ([@bib224]). The Schneider-Chandler scheme of skeletal muscle e-c coupling proposed in 1973 was given a sound basis by the evidence of a reciprocal RYR1/DHPR interaction in skeletal muscle ([@bib158]; [@bib12]) and by the specific spatial relationship between DHPRs and RYR1s ([@bib21]; [@bib168]). Additionally, the proof that DHPRs in some fish muscle do not carry any Ca^2+^ current ([@bib206]) is an indication that voltage sensing and transmission to RYR are the essential functions of DHPRs, whereas gating and calcium currents are not. Unfortunately, the RYR/DHPR interaction involves large domains ([@bib207]) as well as extra components and isolation of a RYR-DHPR complex has not yet been achieved. Complete detailed information on the structure and function of RYRs and DHPRs, including the function of various isoforms involved in cardiac versus skeletal e-c coupling and structural information up to the most recent high-resolution images, is presented in a new review in this journal ([@bib148]).

Several proteins have been added to the three originally identified components of the complex. Two small membrane proteins, triadin (95 kD) and junctin (26 kD), are both associated with CASQ, RYRs, and couplons ([@bib71]; [@bib239]; see also [@bib192] for a review). Triadin was first isolated from a heavy SR fraction by Anthony Caswell. It was shown to oligomerize by disulfide bonds ([@bib38]; [@bib36]) and is also present in cardiac muscle ([@bib27]). Junctin was first isolated from cardiac muscle ([@bib123]). Three triadin isoforms of different lengths have been identified ([@bib175]; [@bib144]; [@bib143]). Trsk 95 is associated with the junctional complexes. Individual triadin molecules are not visible in electron micrographs, but periodic densities in the jSR lumen immediately adjacent to the feet are identified as triadin polymers because they are not present in muscles null for that isoform ([Fig. 10 C](#fig10){ref-type="fig"}; [@bib24]). A role for the longest of the triadin isoforms in the organization of triads in relation to other cytoplasmic components has been proposed in a collaboration between Isabel Marty and Vincenzo Sorrentino ([@bib74]). Three regions of Trsk 95 needed for targeting and retention at couplons have been identified ([@bib198]). Trafficking of junctin, triadin, and CASQ follows a linked path from rough ER to jSR in cardiac muscle ([@bib213]), where also it was shown that CASQ joins peripheral couplings before RYRs ([@bib228]).

Hiroshi Takeshima has identified two essential components of couplons: the junctophilins, which induce the initial docking of SR to plasmalemma/T tubules, a necessary step in the assembly of couplons ([@bib226]). T-SR junctions are formed in the absence of both DHPR and RYR ([@bib68]) but do require junctophilins. Junctophilin 2, the isoform specific for cardiac muscle, occupies membrane patches closely adjacent to but not overlapping those of RYR2 within couplons ([@bib120]).

The location of mitsugumin 29, another T tubule protein also initially identified by Takeshima, is more widespread than the junctional sites, and its function is not clear ([@bib25]).

The latest, important addition to the list of junctional face membrane proteins is the adapter protein Stac3, first identified as essential to e-c coupling and associated with junctional T tubules in zebrafish by John Kuwada ([@bib104]). Levels of Stac3 expression are related to the frequency of DHPR tetrads in junctional T tubules of zebrafish larvae ([Fig. 8, E--I](#fig8){ref-type="fig"}; [@bib138]) The indication is that Stac3 regulates both trafficking of DHPRs and its functional connection to RYR1 ([@bib182]). Perhaps Stac3 fulfills the role of a functional intermediary between DHPR and RYR that was initially proposed by Anthony Caswell for triadin ([@bib26]; [@bib38]).

Ca^2+^ cycling in skeletal muscle involves two events that are only indirectly related to e-c coupling, but are essential for replenishing Ca^2+^ loss to the extracellular space, even though the loss is minimal in skeletal muscle. In the late fifties, Ca^2+^ entry during activity was detected by Paul Bianchi ([@bib18]). Two mechanisms for such entry exist: excitation-coupled Ca^2+^ entry (ECCE) and store-operated Ca^2+^ entry (SOCE). ECCE, discovered by Isaac Pessah ([@bib41]), may be unique to skeletal muscle. It is activated by depolarization in conjunction with e-c coupling, it is independent of SR Ca^2+^ depletion, and it requires the presence of both RYRs and DHPRs ([@bib108]). The nature of the ECCE Ca^2+^ entry channel has been debated, but recent evidence would indicate that it is actually the DHPR itself ([@bib13]). SOCE is common to many cells; it depends on the activation of the STIM1/Orai1 system initiated by a depletion of Ca^2+^ in ER/SR. Unexpectedly, SOCE is activated in skeletal muscle even during a single stimulus, under conditions that do not allow detection of SR Ca^2+^ depletion.

The role of mitochondria {#s18}
========================

Mitochondria are not active participants in e-c coupling, because they do not release Ca^2+^ to the cytoplasm under the control of the e-c coupling apparatus, and they take up Ca^2+^ only as a secondary event once it is released from the SR. However, by their presence and by the fact that they take up small amounts of Ca^2+^, they do influence the shape and time course of the Ca^2+^ transient, partly accelerating relaxation in the fibers that are rich in the organelles.

The initial history of the relationship between Ca^2+^ and mitochondria is interesting (see [@bib79] for a review). Britton Chance had shown uptake of Ca^2+^ by mitochondria, and Ernesto Carafoli, with Albert Lehninger, demonstrated a large respiration-linked accumulation of Ca^2+^ in isolated mitochondria. Under the influence of this work, [@bib35] proposed that mitochondria may have a major role in controlling cytoplasmic Ca^2+^ in muscle. Knowing that large amounts of Ca^2+^ are involved and that a large entry of Ca^2+^ into the mitochondrion would be energetically unfavorable in an organelle with a large negative potential, the concept generated a strong backlash not unlike that from the recent presidential election. Many years were spent demonstrating that mitochondria would take up Ca^2+^ only under dire circumstances (e.g., a breach of the cell membrane), but not under physiological conditions (e.g., [@bib218]). Indeed we now know that excessive Ca^2+^ uptake results in mitochondria "death" and release of apoptotic factors. However, mitochondria-targeted aequorin demonstrated that mitochondria take up small amounts of Ca^2+^ under physiological conditions ([@bib194]) and that uptake depends on proximity of the mitochondria from the source ([@bib193]). Minor amounts of Ca^2+^ are taken up even during a single e-c coupling event, and the Ca^2+^ is important in activating respiration. The presence of active mitochondria shapes the time course of relaxation ([@bib91]). With that in mind, one comparative aspect that should be taken into consideration is the functional significance of the quite varied disposition of mitochondria relative to Ca^2+^ release sites (couplons) in a variety of muscles ([@bib79]). In some muscles (for example, in mouse fast fibers), mitochondria are closely apposed to Ca^2+^ release sites (triads) and even tethered to them ([@bib22]), but in other muscles, most strikingly in fish, they are maintained at a distance from the triads.

Onward {#s19}
======

Transformation of the generic ER of differentiating muscle cells into the highly dedicated SR and particularly the sorting of components into two distinct but continuous regions, the free SR and jSR, is quite complex, involving membrane rearrangements and independent as well as concerted migrations of specific components ([@bib50]). The question has already been approached ([@bib14]; [@bib213]), and it is worth pursuing in view of the known interactions of many components.

Form and function are strictly intertwined in the history of e-c coupling. At the level of the organelles, relatively new high-resolution light microscopy findings have aided and complemented the foundation laid by electron microscopy. At the level of the individual components, we are now witnessing an explosion in availability of atomic-level resolution images ([@bib148]), but the critical relationship between DHPR and RYR that allow their reciprocal interaction has not yet been solved at the atomic level, so much still needs to be done. Translational work (e.g., in malignant hyperthermia) has revealed some interesting nuances of calcium imbalances under pathological conditions, revealing the intricacies of calcium metabolism. The hope is that translational enquiries will be pursued not only as a tool to understand disease but also as a path to a keener understanding of basic structure and function, without which, after all, disease cannot be elucidated.
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